Nitrite reductase catalyzes the reduction of nitrite to nitric oxide, the first step in denitrification to produce a gaseous product. We have cloned the gene nirK, which encodes the copper-type nitrite reductase from a denitrifying variant of Rhodobacter sphaeroides, strain 2.4.3. The deduced open reading frame has significant identity with other copper-type nitrite reductases. Analysis of the promoter region shows that transcription initiates 31 bases upstream of the translation start codon. The transcription initiation site is 43.5 bases downstream of a putative binding site for a transcriptional activator. Maximal expression of a nirK-lacZ construct in 2.4.3 requires both a low level of oxygen and the presence of a nitrogen oxide. nirK-lacZ expression was severely impaired in a nitrite reductase-deficient strain of 2.4.3. This suggests that nirK expression is dependent on nitrite reduction. The inability of microaerobically grown nitrite reductase-deficient cells to induce nirK-lacZ expression above basal levels in medium unamended with nitrate demonstrates that changes in oxygen concentrations are not sufficient to modulate nirK expression.
The availability of fixed nitrogen is often a major factor controlling the biological productivity of ecosystems. During the cycling of nitrogen in the biosphere, a significant sink for fixed nitrogen is denitrification, the reduction of nitrate to gaseous forms of nitrogen, primarily nitrogen gas (22) . Gaseous forms of nitrogen are unavailable for use by the majority of organisms. Because denitrification is a process that results in the conversion of fixed forms of nitrogen to gaseous forms, it can have a significant impact on the productivity of an ecosystem. For example, nitrate concentrations in the ocean have been found to be a major factor limiting biological productivity (19) . Denitrification is the major sink for ocean nitrate, establishing a direct link between denitrification and biological productivity in the marine environment (6) . This has been dramatically demonstrated in recent studies that have shown that decreases in the rate of denitrification during the last glacial maximum may have increased the productivity of the ocean enough to lower the partial pressure of carbon dioxide in the atmosphere (1, 9) .
Denitrification is a respiratory process in which bacteria utilize nitrate and other inorganic oxides of nitrogen as alternate electron acceptors when oxygen concentrations are limiting. In the first step of denitrification, nitrate is reduced to nitrite (12) . This reaction is not unique to denitrification, however, since it occurs during ammonification and assimilatory nitrate reduction. The next step in denitrification is the reduction of nitrite to nitric oxide (NO). This reaction is catalyzed by nitrite reductase and is the defining reaction of denitrification, since it produces the first gaseous intermediate (38) . Moreover, nitric oxide-producing nitrite reductases are associated only with denitrification (12) . There are two classes of nitrite reductases found in denitrifying bacteria. One class contains copper as the redox-active transition metal. The other contains a c-type and a novel d-type heme as the redox active centers. Crystal structures have been reported for both enzymes (8, 11) .
Genes encoding both classes of nitrite reductases have been isolated and sequenced (10, 13) . There have been additional studies of the regulation and identification of trans-acting regulatory factors affecting regulation of heme-type enzymes (31, 32, 36) . To extend the studies of the copper-type enzymes, we have chosen to study the nitrite reductase from Rhodobacter sphaeroides 2.4.3. R. sphaeroides is a member of the ␣ family of the proteobacteria, which also includes many other denitrifiers (33) . Photosynthesis is the primary mode of anaerobic growth for R. sphaeroides. Most strains are capable of using dimethyl sulfoxide as an alternative terminal electron acceptor (21) . Several strains, including 2.4.3, that grow anaerobically with nitrate as a terminal electron acceptor have also been described (20) . All have been shown to contain a copper-type nitrite reductase. In this paper we report the isolation and sequencing of the gene encoding the copper-type nitrite reductase of R. sphaeroides 2.4.3. The regulation of the gene encoding nitrite reductase has also been studied with gene fusions. Maximal expression of nirK is shown to be dependent on the reduction of nitrite. Changes in oxygen concentration alone are also shown to have no effect on nirK expression. The implication of these observations is discussed.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Escherichia coli DH5␣ was used as the maintenance strain for the plasmids. E. coli S-17-1 was used as the donor strain for matings (25) . R. sphaeroides 2.4.3 (ATCC 17025) and 2.4.1 (ATCC 17023) were the wild-type denitrifying and nondenitrifying strains, respectively. To generate the nirK-inactivated strain, a streptomycin-resistant strain of 2.4.3 was mutagenized with the pSUPTn5-Tp (trimethoprim-resistant) transposon mutagenesis system (kindly provided by Tim Donohue, University of Wisconsin) and strains unable to grow with nitrite as the terminal electron acceptor were isolated. One of these strains, designated 11.10, was shown by sequence analysis to contain a Tn5 insertion in the nirK open reading frame. Plasmids pT7-18 and 19U (BRL) were used for cloning as well as expression of single-stranded DNA in E. coli. Plasmid pRK415, a broad-host-range plasmid, was used for transferring genes from E. coli to R. sphaeroides (14) . Both pNIRB (pT7) and pRKNIRB (pRK415) contain an ϳ7.0-kb BamHI fragment containing nirK (Fig. 1) . The constructions of pAK1 (nirK) and pJS84 (nirK-lacZ) are discussed below.
E. coli strains were grown in Luria-Bertani medium (24) . Rhodobacter strains were grown in Sistrom's medium at 30ЊC (18) . Nitrate was added to Rhodobacter cultures to a final concentration of 1.2 mM, unless otherwise noted. Antibiotics were added to E. coli cultures at the following concentrations: ampicillin, 100 g ml Ϫ1 ; tetracycline, 15 g ml Ϫ1 ; trimethoprim, 30 g ml Ϫ1 ; streptomycin and spectinomycin, 25 g ml Ϫ1 ; and kanamycin, 25 g ml Ϫ1 . Antibiotics were added to Rhodobacter cultures at the following concentrations: tetracycline, 1 g ml Ϫ1 ; trimethoprim, 30 g ml Ϫ1 ; kanamycin, 25 g ml Ϫ1 ; and streptomycin and spectinomycin, 50 g ml Ϫ1 .
To induce nitrite reductase activity in Rhodobacter, cells were cultured in a 250-ml Erlenmeyer flask containing 100 ml of medium. After inoculation, the flask was capped with a rubber stopper and the bacteria were grown with agitation. Cells grown in this manner, referred to as microaerobically grown cells, rapidly use up the oxygen in the flask, leading to expression of anaerobically inducible proteins. To avoid removal of the stopper, samples for enzymatic assay were withdrawn with a syringe. Cultures grown aerobically were cultured identically, except the flask was capped with a foam stopper. Photosynthetic cultures were grown in 20-ml, screw-cap tubes filled with Sistrom's medium. Tubes were incubated on their sides over incandescent lights.
DNA manipulation and sequencing. Chromosomal DNA was isolated from 2.4.3 by the Puregene system (Gentra Systems). Plasmid isolations were done by the alkaline lysis method (3). Standard methods were used for restriction digests, agarose gel electrophoresis, and ligations. Transformation was done by the method of Chung et al. (5) . Plasmids were moved into 2.4.3 by conjugation. Biparental matings were carried out with E. coli S-17-1 as the donor.
A fragment of nirK was isolated by PCR to use as a probe to screen a lambda library containing inserts of chromosomal DNA from 2.4.3. The PCR primers were designed based on the amino acid sequences of regions ligating the metal centers in the Achromobacter cycloclastes reductase (11) . The amino acid sequences were LHNIDF and AYVNHNL. The oligonucleotide primers based on the sequences were 5Ј-GCGCGGTACCT(CG)CACAACATCGACTTCCAC-3Ј and 5Ј-GCGCGAATTC(GC)AGGTTGTGGTT(GC)AC(GA)TA(GC)GC-3Ј. Degeneracies were based on the high-level GC content of Rhodobacter. To facilitate cloning of the PCR product, KpnI and EcoRI restriction sites and GC clamps were added to the primers (underlined regions in the primer sequences). PCR was carried out on chromosomal DNA isolated from 2.4.3. A product of the expected size was obtained and verified by sequencing. The fragment was labeled with 32 P by random-primed labeling. The radiolabeled fragment was used to screen an EMBL3 lambda library containing 10-to 15-kb inserts of 2.4.3 chromosomal DNA. Positive plaques were isolated and purified, and a 7.0-kb BamHI fragment was isolated from a single phage. The 7.0-kb BamHI fragment was further subcloned to isolate fragments for sequencing nirK. The sequence was obtained from single-stranded DNA by the chain termination method with materials and protocols from a Sequenase kit (version 2.0; U.S. Biochemicals) and 35 S-dATP from Amersham. Both strands of the region encoding nirK were sequenced. Database searches were performed with the BLAST programs (2) .
To make the nirK-lacZ fusion, a 4.0-kb XhoI-BamHI fragment from pNIRB containing nirK was subcloned into the SalI and BamHI sites of pT7-18U (Fig. 1) . From this construct, a 2.9-kb fragment extending from the HindIII site in the polylinker of pT7-18U to the XhoI site in nirK was ligated with the lacZ Kan r cassette cut from pKOK6 (16) with SalI into pRK-415 restricted with HindIII and SalI. The correct orientation of the lacZ cassette was confirmed with EcoRI digests. Finally, the pRK nirK-lacZ construct was partially digested with HindIII and ligated to the streptomycin-spectinomycin cassette from pHP45⍀ restricted with HindIII, generating pJS84. The norB-lacZ construct was also an operon fusion which used the same lacZ Kan r cassette (31) . Initial experiments to complement strain 11.10 used the BamHI fragment from pNIRB cloned into pRK415. A shorter, nirK-containing fragment was generated by PCR with the oligonucleotides 5Ј-CGCGGATCCTCTGGTCGGTGCGGC GATC-3Ј, which is complementary to bases 1269 to 1287 of the nirK sequence and also contains a BamHI site and a GC cap (underlined region), and 5Ј-TCT CCAGAGGATCTACCG-3Ј, which is identical to positions 79 to 96 of the sequence. The resulting fragment was restricted with XhoI and BamHI, and this 225-bp fragment from the extreme 3Ј end of nirK was ligated, along with the 2.9-kb HindIII-XhoI fragment described in the construction of the nirK-lacZ fusion, into pT7-18U restricted with HindIII and BamHI. This construct contains only 37 bases past the stop codon of nirK. The entire BamHI-HindIII clone was cut out of the polylinker of pT7 and cloned into pRK415 with HindIII and BamHI, generating pAK1 ( Fig. 1) .
Assays for enzymatic activities. ␤-Galactosidase activities were determined for at least two independently grown cultures as previously described (31) . Cells removed from stoppered flasks were not kept anaerobic but were used immediately for assays. Nitrite reductase activity was assayed by monitoring the disappearance of nitrite in the presence of the electron donor methyl viologen essentially as previously described (29) . If necessary, the cells were washed to remove nitrite present in the growth medium. The presence of nitrite in the growth medium was determined by taking small aliquots of cells, typically 10 l, adding them to 900 l of phosphate buffer, pH 7.5, and, without adding an electron donor, assaying for nitrite (29) . To assay ␤-galactosidase and nitrite reductase activities, samples were taken at various times during the growth cycle. The reported activities are the maximal values unless otherwise noted.
Primer extension. RNA was isolated from cells grown microaerobically with nitrate. Fifty milliliters of cells was pelleted and resuspended in 40 ml of protoplasting buffer (15 mM Tris-Cl [pH 8.0], 0.45 M sucrose, 8 mM EDTA) with 17 mg of lysozyme and incubated on ice for 20 min. Protoplasts were pelleted and gently resuspended in 2 ml of lysis buffer (10 mM Tris-Cl [pH 8.0], 10 mM NaCl, 1 mM Na-citrate, 1.5% sodium dodecyl sulfate) with 60 l of diethylpyrocarbonate. After incubation at 37ЊC for 5 min, 1 ml of ice-cold, saturated NaCl was added and the lysate was incubated on ice for 10 min. The lysate was pelleted at 4ЊC for 15 min, and the supernatant (RNA) was removed. The RNA was precipitated overnight in 4 ml of 100% ethanol, and the pellet was resuspended in 400 l of water. Two hot (65ЊC) phenol-chloroform extractions were performed on the RNA.
Primer extension was performed with the following primer: 5Ј-CAGGTTGC TGAGATCGACGGG-3Ј, which is complementary to positions 247 to 267 of the nirK sequence. Sixty picomoles of the primer was labeled with 10 U of T4 polynucleotide kinase and 80 Ci of gamma-labeled [ 32 P]dATP in a total volume of 17 l. Then, 80 to 100 g of RNA was hybridized with 5 ϫ 10 5 to 10 ϫ 10 5 cpm of labeled primer overnight at 30ЊC. Primer extension was carried out with 20 U of avian myeloblastosis virus reverse transcriptase.
RESULTS
Isolation and sequencing of nirK. R. sphaeroides 2.4.3 (ATCC 17025) has been previously shown to grow anaerobically with nitrate and produce nitrogen gas (20) . It has also been shown to contain a copper-type nitrite reductase (20) . To isolate the gene encoding nitrite reductase, nirK, oligonucleotide primers were designed with the assumption that amino acids required for ligating the copper centers would be highly conserved (11) . With the nir-specific primers, PCR on genomic DNA generated a single fragment of the expected size. Sequencing verified that the fragment was a portion of a gene encoding a copper-type nitrite reductase (data not shown). The fragment was then used as a probe to screen a lambda library of 2.4.3 chromosomal DNA. Several rounds of isolation and purification yielded a single phage that hybridized to the probe, and a 7.0-kb BamHI fragment containing nirK was subcloned. Southern hybridizations of digests of the 7.0-kb fragment identified the region containing nirK. With a combination of subclones and internal primers, both strands of nirK were sequenced. Additional sequencing of fragments from the BamHI clone identified a region ϳ3.0 kb upstream of nirK encoding a protein with significant homology to AdgA from Rhodobacter capsulatus (Fig. 1) (37) .
Analysis of the Nir amino acid sequence. The nirK structural gene is 1,125 bases in length and has a GϩC content of 68 mol%. The nirK open reading frame encodes a protein of 374 residues and 40,313 Da. A sequence consisting of two consecutive arginines followed by a stretch of 16 hydrophobic residues is located at the N terminus of the sequence. This sequence has all the traits of a signal sequence (23) . The deduced primary sequence has significant identity to other copper-type Nir primary sequences (Fig. 2) . In pairwise comparisons of Nir from 2.4.3 with other Nir sequences, excluding the signal sequences, identity between aligned residues ranged between 60 and 66%.
Alignment of the deduced amino acid sequence of nirK from 2.4.3 with the sequence of Nir from A. cycloclastes can be used (Fig. 2) . The only significant difference between Nir from 2.4.3 and Nir from other sequences is the insertion of a single amino acid between Cys167 and His177. The distance in the primary sequence between residues that are metal ligands is very highly conserved in all Nir sequences (Fig. 2) . Analysis of the promoter region. Inspection of the DNA sequence revealed a purine-rich Shine-Dalgarno-like sequence (AGGAGA) seven bases in front of the putative translation start codon (Fig. 3) . Computer searches revealed no other totally conserved recognition motifs in the promoter region. One sequence, -TTGCG----CGCAA-, which has similarity to the Fnr recognition motif of E. coli, -TTGAT----ATCAA- (27) , is centered 73.5 bases upstream of the putative translational start codon. The putative recognition motif in 2.4.3 is a perfect 5-base inverted repeat with the same spacing between half sites as found in the consensus Fnr promoter. A similar recognition motif is located in the promoter of the nor operon and in the transcriptional regulator nnrR in 2.4.3 (24a, 31). In these two genes, the recognition motif is not a perfect inverted repeat because the C in the upstream half-site is a T. All the other bases are identical in all three sequences.
To provide a more detailed understanding of the nirK promoter region, the transcription initiation site was identified by primer extension. Cells grown microaerobically with nitrate in the medium were used as a source of total RNA. Chromatography of the extension products identified a single band (Fig.  4) . This transcript starts 30 bases upstream of the putative initiation codon (Fig. 3) . The region homologous to the Fnr binding domain is centered 43.5 bases upstream of the transcriptional start site. This distance is typical of other genes encoding products required for denitrification and consistent with a close interaction between RNA polymerase and a transcriptional activator (38) .
Phenotypic analysis of a nirK mutant. 
FIG. 4. Primer extension analysis of nirK.
Total RNA was isolated from cells grown microaerobically in the presence of nitrate. The primer was a 20-mer that was complementary to a sequence 111 bases after the first base of the translation start site. The reaction product was electrophoresed on a sequencing gel next to a DNA ladder produced by sequencing with the primer used in the extension reactions. The arrow indicates the direction of transcription. nated 11.10, has been shown by sequence analysis to contain a Tn5 insertion in the nirK open reading frame. Phenotypic analysis of 11.10 found that it was incapable of growing anaerobically with nitrite as the sole terminal electron acceptor and could not reduce nitrite. Nitrate reductase activity was unaffected in 11.10, with nitrite accumulating quantitatively when cells were grown microaerobically in medium amended with nitrate. There were no other obvious phenotypic effects of nirK inactivation. Nitrite reductase activity could be restored to 100% of wild-type levels in 11.10 with plasmid pRKNIRB, which contains 5.0 kb upstream and 1.0 kb downstream of nirK (Fig. 1) . Wild-type levels of Nir activity were also restored with pAK1, which contains 2.0 kb upstream of nirK and only 37 bp past the putative stop codon (Fig. 1) .
Expression of nirK in denitrifying and nondenitrifying strains of R. sphaeroides. To analyze the expression of nirK in more detail, a nirK-lacZ transcriptional fusion was constructed. Plasmid pJS84, containing the nirK-lacZ fusion along with 2.0 kb of upstream DNA, was introduced into wild-type 2.4.3, which was then grown under different conditions. As expected, highest levels of expression were observed under microaerobic or anaerobic conditions with nitrate or nitrite present (Fig. 5) . Cells grown microaerobically with nitrate had 30-fold more ␤-galactosidase activity than cells grown aerobically. Cells grown photosynthetically had the same levels of expression as cells grown microaerobically (data not shown). There was some induction of nirK-lacZ in cells grown microaerobically without added nitrate or nitrite. Cells grown microaerobically without nitrate showed a fivefold increase in activity compared to the levels of activity under aerobic conditions (Fig. 5) .
The type strain of R. sphaeroides, 2.4.1, cannot grow with nitrate or nitrite as the sole terminal electron acceptor and has no detectable nitrite reductase activity. Insights into the mechanism used by 2.4.3 to regulate nirK expression may be gained by monitoring expression in a closely related, nitrite reductasedeficient bacterium. To monitor nirK expression in the nondenitrifying strain, pJS84 was conjugated into 2.4.1 and the resulting strain was grown under different conditions. Cells grown microaerobically in medium unamended with nitrate had levels of expression equivalent to those of 2.4.3 grown aerobically, indicating anaerobiosis alone does not induce expression (Fig. 5) . When nitrate was included in the medium, microaerobic expression increased fivefold (Fig. 5) . This increase in expression, while significant, is sixfold less than nirKlacZ expression in 2.4.3 grown under identical conditions. It should be noted that 2.4.1 does have a nitrate reductase. Cells grown with 1.2 mM nitrate accumulated greater than 100 M nitrite. The moderate level of expression in 2.4.1 might be explained as inefficient transcriptional activation by a transacting factor which regulates other anaerobic processes. However, results discussed below suggest another explanation.
Expression of norB in a nitrite reductase-deficient strain. NO has been suggested to be involved in regulation of nitric oxide reductase in denitrifiers (39) . A strain lacking Nir activity, like 11.10, cannot make endogenous NO and can be used to test if NO is an effector of gene transcription. The genes encoding NO reductase in 2.4.3 have been sequenced, and a lacZ operon fusion has been made with norB, one of the structural genes (24b). To determine if NO was required for expression of the genes encoding NO reductase, the norB-lacZ construct was moved into the wild type and strain 11.10. The results shown in Fig. 5 demonstrate that, as observed with nirK-lacZ, maximum expression of norB-lacZ in the wild type required low levels of oxygen and nitrate. Under identical conditions, expression of the norB fusion in 11.10 was severely restricted (Fig. 5) . There was no detectable expression in unamended medium, and expression in amended medium was about sixfold less than observed in the wild type.
Expression of nirK in a nitrite reductase-deficient strain. If nirK expression is required for maximal norB-lacZ expression, it is useful to determine if nirK-lacZ expression depends on nirK expression as well. In 11.10 grown microaerobically with 1.2 mM nitrate, nirK-lacZ expression was sixfold less than that of wild-type cells grown with similar levels of nitrate (Fig. 5) . Expression of the fusion in 11.10 grown microaerobically without nitrate dropped to the basal levels found during aerobic growth (Fig. 5) . The decrease in expression of nirK-lacZ in 11.10 compared to that of the wild type is very similar to the decrease observed with norB-lacZ and suggests that nitrite reductase activity is required for expression of these genes. The reduced expression in 11.10 also provides an explanation for the nirK-lacZ expression observed in 2.4.1. Since nirK-lacZ expression in 2.4.1 was nearly identical to that of 11.10, irrespective of growth conditions, it is likely that the inability of 2.4.1 to fully induce expression was due to the lack of nitrite reductase and not to a lack of a specific transcriptional activator.
The decrease in expression of nirK-lacZ and norB-lacZ in 11.10 also indicates that nitrite is not an effector molecule for the induction of nirK. If nitrite is an effector molecule, the large levels of nitrite that accumulate as a result of nitrate reduction in 11.10 should induce high levels of expression of the fusions. If nitrite is not an effector molecule, what causes the three-to fourfold increase in expression above aerobic levels in 11.10 grown microaerobically with nitrate? One explanation is that the large quantities of nitrite that build up indirectly induce expression. To evaluate the effect of nitrite on nirK-lacZ expression in 11.10, decreasing amounts of nitrate were added to microaerobically grown cultures. In all cases, except the cultures containing 12 mM nitrate, where nitrite accumulated to toxic levels, nitrate was reduced quantitatively to nitrite. As a comparison, wild-type cultures were grown under similar conditions. For all the nitrate concentrations used, expression in 11.10 was significantly lower than in the wild type (Fig. 6 ). More importantly, levels of expression in Aerobic and microaerobic cells were grown identically except that after inoculation of the microaerobic culture, a rubber stopper was placed on the flask to prevent oxygen exchange. Nitrate was added to a final concentration of 1.2 mM. Expression of norB-lacZ was undetectable in 2.4.3 grown aerobically and 11.10 grown microaerobically in medium unamended with nitrate. Standard deviations were never larger than 15% of any reported measurement.
11.10 decreased to the basal levels found under aerobic conditions in medium amended with 12 M nitrate. Similar concentrations of nitrate induced an eightfold increase over aerobic levels in wild-type cells. The requirement for nitrite concentrations in the range of 100 M for significant nirK-lacZ induction in 11.10 is consistent with an indirect mechanism of induction, perhaps by the nonbiological reduction of nitrite (40) . Nitrite concentrations of this magnitude are unlikely to accumulate during denitrification in wild-type cells because of nitrite reductase activity.
DISCUSSION
The gene encoding the nitrite reductase from a denitrifying variant of R. sphaeroides, strain 2.4.3, has been isolated and sequenced. nirK is not tightly clustered with other genes required for denitrification, consistent with what has been observed in other denitrifiers containing copper-type nitrite reductases. The genes encoding the nitric oxide reductase in 2.4.3 have also been isolated (24a). Probes from the nor genes do not hybridize to the lambda-containing nirK, nor does the nirK probe hybridize to several lambda isolates containing nor genes. This gene organization is unlike the situation in denitrifiers containing a cd 1 -type Nir (4). The genes required for assembly of an active heme containing nitrite reductase are clustered with genes encoding products required for denitrification, including nitric oxide reductase.
The protein encoded by nirK is closely related to other copper-type nitrite reductases. As a whole, this class of proteins is very highly conserved. NirK from 2.4.3 is the most divergent member, but it has greater than 60% identity in pairwise alignments with other sequences. In the alignment shown in Fig. 2 , 49% of the residues are identical in all the sequences. Residues at many of the other positions are structurally similar. Such a high level of positional conservation probably reflects significant structural constraints throughout the sequence. The high level of sequence conservation also makes this gene an ideal target for in situ studies of denitrifier populations (26) .
As expected, maximum levels of nirK expression were observed when oxygen became limiting in medium amended with nitrate. When wild-type cells were grown microaerobically in unamended medium, there was a fourfold increase in nirKlacZ expression above basal levels. This could be interpreted as a response to anaerobiosis alone, but examination of the results shown in Fig. 6 suggests another explanation. As nitrate concentrations decreased from 12 mM to 12 M, expression dropped fourfold but was still higher than that observed in medium lacking added N oxides. This means that the threshold of effector detection was less than 12 M. Given this low threshold, it is possible cells in unamended medium responded to both the low level of oxygen and the presence of low concentrations of N oxides. Recent work has shown that the minimal medium used for growing R. sphaeroides does contain detectable concentrations of nitrate or nitrite (17) . The compound used as an effector molecule to modulate nirK transcription was probably not nitrite or nitrate. This was most effectively shown with the R. sphaeroides 2.4.3 strain 11.10, which lacks nitrite reductase activity. Cultures of 11.10 grown with nitrate under microaerobic conditions expressed nitrate reductase, but the maximal nirK-lacZ expression observed was only fourfold above aerobic levels (Fig. 5 ). This is in comparison to the near 30-fold increase seen in the wild-type strain (Fig. 5) . A similar response was observed with the norBlacZ fusion. These results suggest that nitrite reduction is an obligatory requirement for nirK and nor operon expression. The coupling of nitrite reductase activity to the expression of nitrite and nitric oxide reductase has been observed in other denitrifiers (34, 39) .
Another interesting result from the studies of nirK-lacZ expression in 11.10 was the inability of microaerobically grown cells to induce expression above basal levels in medium unamended with nitrate (Fig. 5) . This indicates that, unless Nir is active, a shift from aerobic to low-level oxygen conditions has no effect on nirK-lacZ expression. Therefore, a decrease in oxygen concentration alone does not increase expression of nirK. In E. coli, anaerobiosis alone results in a detectable increase in expression of genes required for anaerobic growth with nitrate because of the action of the oxygen-dependent regulatory protein Fnr (28) . This nitrate-or nitrite-independent activation was not observed in experiments monitoring nirK expression in 11.10. Similar results were observed with the norB-lacZ fusion (Fig. 5) .
While the data presented here do not identify the effector used to activate nirK and nor operon transcription, recent experiments suggest that it is NO (17) . NO would make an ideal signal molecule for the activation of nirK and nor operon expression because of the reactivity of NO with molecular oxygen. If the solution half-life of NO is long enough for it to be detected by regulatory factors, it is likely that oxygen concentrations are not high enough to result in significant rates of NO autooxidation (15) . Another interesting consequence of using NO as an effector molecule is that NO concentrations can provide to the cell information about both oxygen and nitrite concentrations. If 2.4.3 uses an NO-dependent regulatory mechanism, the presence of NO would, of course, signal the availability of nitrite for use as an electron acceptor. The presence of NO would also mean that oxygen concentrations are low because of the reactivities of NO and molecular oxygen. Therefore, any system detecting NO also indirectly monitors oxygen concentrations, potentially eliminating the requirement for an oxygen-sensitive activator like Fnr. This might explain the absence of nirK-lacZ induction observed in 11.10 grown microaerobically in medium unamended with nitrate. 
